We report the detection of type C QPO along with the upper harmonic in the commensurate ratio of 1:2 in the two observations of the low-mass black hole transient H 1743-322 jointly observed by XMM-Newton and NuSTAR during the 2016 outburst.
lag detected in this source during the 2008 and 2014 failed outbursts, we observe hard time-lag of 0.40 ± 0.15 and 0.32 ± 0.07 s in the 0.07-0.4 Hz frequency range in the two observations during the 2016 outburst. The correlation between the photon index and the centroid frequency of the QPO is consistent with the previous results. Furthermore, the high value of the Comptonized fraction and the weak thermal component indicate that the QPO is being modulated by the Comptonization process.
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individual (H 1743-322) 1. INTRODUCTION Low-mass black hole X-ray binaries consist of a low-mass companion star ( 1 M ⊙ ) gravitationally bound to a stellar mass black hole (Steiner et al. 2012) . The companion star feeds material to the black hole via Roche lobe overflow, resulting in the formation of an accretion disc. The viscous forces between the different layers of the accretion disc near the black hole raise the temperature upto 10 7 K, and the source primarily emits X-rays (Steiner et al. 2012; Motta et al. 2017 ). Most of the black hole X-ray binaries (hereafter BHXRBs) are known to be transient that stay in quiescence for a long time and show outbursts very sporadically. These outbursts can last from several days to months during which the luminosity of the source is increased by several orders of magnitude (Tanaka & Shibazaki 1996; Shidatsu et al. 2014; Plant et al. 2015) . The BHXRBs can undergo generally four states during an outburst, namely, the low/hard state (LHS), the hard-intermediate state (HIMS) , the soft-intermediate state (SIMS) and the high/soft state (HSS) . The classification of the states relies upon the detailed spectral and timing behavior of the source during an outburst.
The spectrum of the LHS is dominated by a hard power-law with photon index <2 and a high-energy cutoff ≈ 100 keV (Motta, Belloni & Homan 2009; Shidatsu et al. 2014) . The power-law component is thought to originate from the Compton up-scattering of the soft X-ray photons from the disc by the hot electrons in corona. The power density spectra (hereafter PDS) in the LHS state show strong vari-ability with fractional rms ∼ 30% Zhou et al. 2013; Shidatsu et al. 2014; Ingram et al. 2017) . The transition of the BHXRBs to the HSS occurs via the two intermediate states (i.e., HIMS and SIMS) . However, the transition from the hard to soft is not a smooth one and in many outbursts, several excursions to harder and softer states have been observed. As the source moves from the hard state to the soft state, the power-law component starts to steepen (upto Γ ∼ 2.5) and the X-ray continuum becomes increasingly dominated by emission from an optically thick and geometrically thin accretion disc with a few percent of fractional rms variability (Shakura & Sunyaev 1973; . In the soft state, the accretion disc either reaches closer to the inner most stable circular orbit (hereafter ISCO) or extends down to the ISCO (Gierliński & Done 2004; Steiner et al. 2010) .
It is worth mentioning here that there is an ongoing debate on the nature of extent of the accretion disc in the LHS. However, several workers has found that a hot advection dominated accretion flow (ADAF), as proposed by Esin et al. (1997) , replaces the geometrically thin and optically thick accretion disc, introducing a truncated inner disc (McClintock, Horne & Remillard 1995; Narayan and Yi 1995; Narayan, McClintock & Yi 1996; Esin et al. 2001; McClintock et al. 2001 McClintock et al. , 2003 Plant et al. 2015) .
Another salient observational feature of BHXRBs is the X-ray reflection. This appears when the hard Comptonized X-rays from the corona gets reflected from the disc giving rise to a reflection hump in the ∼10-40 keV and a fluorescent iron line K α line at ∼ 6.4-6.9 keV. The iron line may be distorted due to special and general relativistic effects (Fabian et al. 1989; Reynolds & Nowak 2003; Miller 2007; Ingram et al. 2017) . Modeling of the broad iron line with relativistic reflection gives an alternative way to measure the inner disc radius. The modeling of the reflection continuum can also play a crucial role in understanding the inner accretion dynamics of the disc, as well as to probe the key parameters like the black hole spin and the disc inclination. It is worth mentioning here that the relativistic reflection model RELXILL is being widely used to model angle-dependent X-ray reflection and allows to estimate parameters such as the inner disc radius, black hole spin, disc inclination, iron abundance and reflection fraction (Dauser et al. 2010; García & Kallman 2010; García et al. 2011 García et al. , 2013 Dauser et al. 2013 Dauser et al. , 2014 García et al. 2014 ).
Quasi-periodic oscillations (QPOs), which appear as broad peaks, are often observed in the Xray emission from the black hole transients (hereafter BHTs). QPOs are categorized into the following three types: (i) high-frequency QPOs (HFQPOs) (∼30-450 Hz) (ii) low-frequency QPOs (LFQPOs) (∼0.05-30 Hz) and (iii) very low-frequency QPOs (∼mHz) (Morgan, Remillard & Greiner 1997; Belloni et al. 2000; Trudolyubov, Borozdin & Priedhorsky 2001; Casella, Belloni & Stella 2005; Motta et al. 2011; Altamirano et al. 2011; Altamirano & Strohmayer 2012; Belloni, Sanna & Méndez 2012; Alam et al. 2014; Agrawal & Nandi 2015) . Depending upon a few parameters such as quality factor, (Q), and shape of the PDS continuum, low-frequency QPOs are classified into type A, B and C. Type A QPOs appear as broad peaks around ∼6-8 Hz with few percent rms, whereas the type B QPOs show stronger rms (upto ∼ 4%) compared to the type A QPOs. On the other hand, type C QPO appears as a narrow and variable peak with strong fractional rms ≥ 10% (Casella et al. 2004; Motta et al. 2011 ). Though the exact mechanism for the origin of the QPOs is still not clear, it has been found in earlier studies that centroid frequencies of QPOs are correlated with the spectral index, as well as the disc flux (Sobczak et al. 2000; Titarchuk & Fiorito 2004; Shaposhnikov & Titarchuk 2007) , indicating the coupling between QPOs and the structure of the inner disc (Shidatsu et al. 2014) .
Strong variability of BHXRBs may also be related to the the time-lags found between the lightcurves in different energy bands. Priedhorsky et al. (1979) and Nolan et al. (1981) first found the presence of time-lags in Cygnus X-1, as well as several other BHXRBs. Many BHXRBs show hard X-ray lags, where the hard photons are found to be delayed with respect to the soft ones (Page et al. 1981; Miyamoto et al. 1988; Nowak et al. 1999a,b; Grinberg et al. 2014) . These hard X-ray lags are generally thought to be originated due to the propagation of mass accretion rate fluctuation in the accretion disc and are of the magnitude of 1 percent of the variability time scale (De Marco et al. 2013; Arévalo & Uttley 2006 ). On the other hand, the soft X-ray lags, where the soft X-ray photons lag the hard ones, are caused due to the reflection of the coronal X-ray irradiation by the accretion disc. This time delay is named as reverberation lag and can provide important information about the geometry of the innermost region of the BHXRBs (De Marco et al. 2013; Kara et al. 2019) .
The low-mass BHT H 1743-322 was discovered in 1977 using Ariel-V (Kaluzienski & Holt 1977) and is located at a distance of 8.5±0.8 kpc (Steiner et al. 2012 ). This source is well known for its transient nature and has shown frequent outbursts with an average interval of ∼200 days (Shidatsu et al. 2012 (Shidatsu et al. , 2014 . After a prolonged gap from its discovery, the brightest outburst of H 1743-322 in 2003 was detected by INTEGRAL (Revnivstev 2003) and RXTE (Markwardt & Swank 2003) . RXTE observation of this outburst resulted in the detection of a pair of HFQPOs at 240 and 160 Hz Remillard et al. 2006) . Similar timing signature has also been found in a few other dynamical BHXRBs McClintock et al. 2009 ). Using the VLA observation of 2003 outburst and by applying a symmetric kinematic model for the jet trajectories, Steiner et al. (2012) estimated the source distance and inclination angle to be 8.5 ±0.8 kpc and 75 • ± 3 • , respectively. They also found the spin parameter to be 0.2± 0.3 using the RXTE observation of the 2003 outburst. In addition to this, Sriram, Agrawal & Rao (2009) found QPOs with a truncated accretion disc using the RXTE observations of 2003 outburst, when the source was in the steep powerlaw state. Before the October 2008 outburst, a few additional outbursts were detected which could not be studied extensively due to lack of sufficient observations. However, the October 2008 outburst was termed as a 'failed outburst' as the source never reached the HSS due to sudden decrease in the mass accretion rate (Capitanio et al. 2009 ). Another outburst in July 2009 was detected by Swift/BAT telescope (Krimm et al. 2009; Motta, Munoz-Darias & Belloni 2010) , which was followed by three more outbursts detected by RXTE in December 2009, August 2010 and April 2011 (Zhou et al. 2013) . Using these 2010 and 2011 outbursts, Molla et al. (2017) estimated the mass of the black hole to be 11.21 +1.65 −1.96 M ⊙ by combining the two methods: using the Two Component Advective Flow (TCAF) model and the correlation between the photon index versus QPO frequency (Dewangan, Titarchuk & Griffiths 2006) . Apart from the above, few successive outbursts were reported in December 2011, January 2012 , September 2012 (Shidatsu et al. 2012 (Shidatsu et al. , 2014 , and August 2013 (Nakahira et al. 2013) . Following these outbursts, another outburst took place in 2014, which was observed quasi-simultaneously by both XMM-Newton and NuSTAR. Using the Swift/XRT monitoring of the 2014 outburst, Stiele & Yu (2016) reported the 2014 outburst as a failed one as the source never reached the HSS during the entire outburst. In addition to this, using the XMM-Newton observation of this outburst, the authors reported a low-frequency QPO and an upper harmonic at ∼0.25 and ∼0.51 Hz, respectively. Moreover, Ingram et al. (2017) used both the XMM-Newton, as well as NuSTAR observations of 2014 outburst and found a truncated accretion disc geometry when the source was in the LHS. Both the results from Stiele & Yu (2016) and Ingram et al. (2017) come to an agreement that the source stayed in the LHS during the 2014 outburst.
Since two observations at different epochs jointly performed with XMM-Newton and NuSTAR during the 2016 outburst of H 1743-322 are still unexplored, it is worth examining in detail the behavior of the source in the light of various characteristics discussed above. Moreover, the 2016 outburst appears to be different from that of the 2008 and 2014 failed outbursts, as the 2016 outburst exhibits a full spectral state transition. In this paper, we carry out a systematic spectral and temporal study of H 1743-322 using these observations. Timing study using the NuSTAR data allows us to probe the nature of the timing features in the PDS beyond the energy range of the XMM-Newton.
We report the detection of a low-frequency QPO along with upper harmonic in both epochs. We also find a shift in the centroid frequency of the QPO and the upper harmonic between the two epochs.
We have also compared the characteristics of the PDS in the high energy band using NuSTAR to those obtained from the XMM-Newton observations. Besides, we study the energy dependence of the temporal parameters and compare them with the previous studies. We have also found a hard lag and a log-linear increase of the time-lag with energy in the energy dependent time-lag spectra derived from XMM-Newton observations. In addition, we present detailed broad-band spectral analysis of joint XMM-Newton and NuSTAR spectral data in the 2.5-78 keV band, as well as study the accretion disc and the relativistic reflection. We have also studied the relation between spectral and temporal parameters, and discussed the possible origin of the variability in the system.
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The remainder of the paper is organized as follows. We present the observations and data reduction in section 2, whereas section 3 contains the analysis and results of our spectral and temporal study.
Finally, section 4 is devoted to discussion and concluding remarks. Hill et al. 2000) . We analyzed all the observations taken in Swift/XRT window timing-mode data between March 01, 2016 and April 08, 2016 using the the online data analysis tools provided by the Leicester Swift Data Centre 1 (Evans et al. 2009 ). We derived the count rate in the 0.8-10 keV, 0.8-3 keV and 3-10 keV bands, and for the calculation of hardness ratio (hereafter HR), we divided the count rate in the 3-10 keV band by the count rate in the 0.8-3 keV band. Figure 1 shows the hardness intensity diagram (hereafter HID), which depicts that the source undergoes a full state transition during the 2016 outburst. observations are given in Table 1 . During these two observations, only the European Photon Imaging Camera (EPIC-pn) was employed in the timing mode with a thick filter to observe the source.
Scientific Analysis System (SAS v.16.0.0) with the most recent calibration files were utilized to filter and produce the EPIC-pn event files. We did not find any soft proton background flaring from the extracted lightcurve of Epoch -1 in the energy range of 10-12 keV. However, background flaring towards the end of the observation was detected in the 10-12 keV lightcurve of Epoch -2. To remove the flaring, we created a good time interval (GTI) file with count rate 1.7s −1 . We then applied this GTI file and filtered the event list for the background flaring. We used a rectangular region of 17 pixels width (29 RAW X 46), keeping the source in the centered position, and extracted the source spectra. A narrow rectangular region of 5 pixels width (05 RAW X 10) towards the edge of the detector was used to extract the background spectra. Using the epatplot task within SAS, we found that both Epoch -1 and Epoch -2 observations were affected by pile-up. In order to reduce the pile-up effect, we used only the single pixel events (pattern==0), as well as also excised the three central columns from the source position of both the observations. We then generated Redistribution Matrix File (RMF) and Ancilliary Region File (ARF) for each epoch using the tasks rmfgen and arfgen available within SAS, respectively. Moreover, we also extracted the source and background lightcurves and corrected the source lightcurves for the background contribution using the SAS task 'epiclccorr'.
NuSTAR
NuSTAR (Harrison et al. 2013 ) also observed H 1743-322 simultaneously with XMM-Newton in the two epochs and the details of the observations are listed in Table 1 . We reduced the data using the nupipeline task available within NuSTARDAS with the latest available calibration files. For both the FPMA and FPMB modules, we used a circular region of 30 arcsec by keeping the source in the center and generated the source spectra. We used another circular region of the same size on the same detector away from the source to extract the background. We generated the corresponding RMF and ARF files using the task nuproducts available within NuSTARDAS.
ANALYSIS AND RESULTS

Power Density Spectra
For the timing analysis, we used the Interactive Spectral Interpretation System (ISIS, V.1.6.2-40) (Houck and Denicola 2000) . We quote the errors at 90% confidence level. The PDSs from the background subtracted lightcurves of the XMM-Newton/EPIC-pn observations were computed using "POWSPEC" task within FTOOLS in the two energy bands of 0.7-3 keV and 3-10 keV.
After subtracting the contribution due to Poisson noise (Zhang et al. 1995) , we normalized the PDSs according to Leahy et al. (1983) and then converted the variability power to the square fractional rms (Belloni & Hasinger 1990) . Figure 2 shows the PDSs in the 0.7-3 keV and 3-10 keV bands for
Epoch -1 and Epoch -2, where the presence of the low-frequency QPO along with upper harmonic at ∼1Hz and ∼2Hz are prominent. The PDSs in both the energy bands exhibit identical shape and Table 2 . The significance of detection of the QPO (upper harmonic) in the 0.7-3 keV band is 17.9σ
(3.1σ) and 19σ (4.1σ), whereas that found in the 3-10 keV band is 43.4σ (5.2σ) and 40.7σ (6.6σ) for
Epoch -1 and Epoch -2, respectively. This suggests that the significance of both the QPO and the upper harmonic remains more or less similar between Epoch -1 and Epoch -2 for each energy band,
whereas their values are found to be increasing with energy band in each epoch. From Table 2 it is clear that in both the observations, the QPO and the upper harmonic are detected at ∼1:2 ratio in each energy band. We also note that the centroid frequencies of the QPO and the upper harmonic do not change with energy in both the epochs. However, we found that the centroid frequencies of the QPO (upper harmonic) in Epoch -2 are shifted towards higher frequencies by 0.04 ± 0.01 Hz (0.26 ± 0.1 Hz) in the 0.7-3 keV band and 0.06 ± 0.004 Hz (0.19 ± 0.06 Hz) in the 3-10 keV band with respect to those found in Epoch -1. The quality factor (Q=ν centroid /FWHM; FWHM -full width at half maximum) of the QPO in each energy band is reduced in Epoch -2 compared to that in Epoch -1, however, the Q-factor for the upper harmonic remains almost similar for both the energy bands and epochs. Although the fractional rms variability of the QPO does not change between Epoch -1 and Epoch -2 within each energy band, it is found to be higher in the 3-10 keV band with respect to that obtained in the 0.7-3 keV band for each epoch (see Table 2 ). Apart from this, the fractional f -indicates the fixed parameters, p -indicates the parameters pegged at lower/upper bounds rms variability of the upper harmonic appears to be larger in Epoch -2 than that in Epoch -1 in the 0.7-3 keV band, whereas it remains the same for both the epochs in 3-10 keV band.
In addition to the above, we have also carried out the timing analysis of H 1743-322 using the NuS-TAR observations. For this analysis, we have considered only the 3-30 keV band as this band encompasses 97% of the source photons detected by NuSTAR in the 3-78 keV energy range (Stiele & Kong 2017) . We derived the cross-power density spectra (CPDS) in the 3-10 and 10-30 keV energy bands using MaLTPyNT (Bachetti 2015) . The signals from the two completely independent focal plane modules are used to generate the CPDS, which acts like a good alternative of the white noise subtracted PDS (Bachetti 2015) . For the generation of the CPDS, we used the time bins of 0.1 s with f -indicates the fixed parameters, p -indicates the parameters pegged at lower/upper bounds the stretches of 512 s. Figure 3 shows the CPDSs derived from the NuSTAR observations for the Epoch -1 and Epoch -2 in the 3-10 and 10-30 keV bands. The best-fit parameters are given in Table 3 . The shape of the CPDS and the required best-fit model for both the epochs in the 3-10 keV band are found to be the same as obtained in the same energy band of XMM-Newton observations.
The ratio at which the QPO and the upper harmonic is detected in each energy band are found to be consistent with the XMM-Newton observations. The shifts in the centroid frequencies of the QPO and the upper harmonic in Epoch -2 with respect to those in Epoch -1 are 0.08 ± 0.006 Hz and 0.36 ±0.1 Hz towards the higher frequency side. As can be seen from the Table 2 and 3 that the value of the quality factor (Q) and the fractional rms variability of the QPO, as well as the upper harmonic in both the epochs show similar nature to those obtained from the XMM-Newton observations in the same energy band. Contrary to the XMM-Newton observations in this energy band, the significance level of the QPO, as well as the upper harmonic increase from 36.3 σ to 47 σ for the QPO and 5.4
σ to 8 σ for the upper harmonic in Epoch -2 with respect to Epoch -1.
The NuSTAR CPDS in the 10-30 keV band shows the similar shape as in the 3-10 keV band.
The QPO and upper harmonic in this band are found in the ∼ 1 : 2 ratio in Epoch -2 similar to the CPDS in the 3-10 keV band. However, no signature of the upper harmonic was found in the 10-30 keV band of Epoch -1 that may be due to lower S/N of CPDS compared to that in Epoch -2. The shift in the centroid frequency of the QPO in Epoch -2 with respect to Epoch -1 resembles to that obtained in the 3-10 keV band of the NuSTAR observations and is 0.09 ± 0.01 Hz towards the higher frequency side. The fractional rms amplitude of the QPO is similar in both the epochs in the 10-30 keV band and is consistent with those found in the 3-10 keV band. On the other hand, the upper harmonic in the Epoch -2 exhibits a reduced fractional rms amplitude in the 10-30 keV band compared to the 3-10 keV band (see Table 3 ). The Q-factor of the QPO also exhibits similar behavior as the 3-10 keV energy band.
In order to study the evolution of characteristic frequency and fractional rms amplitude with energy, we divided the full energy band of the XMM-Newton observations into 8 equal narrow bands of ∼ 1 keV width, and derived Poisson noise subtracted, as well as rms normalized PDS in each energy band. For this analysis, we excluded the NuSTAR observations due to low signal to noise ratio in each of these energy bands. The PDSs derived for each narrow energy band of XMM-Newton data were modeled with three Lorentzian components for the QPO, the upper harmonic and the zero centered BLN. We calculated the characteristics frequency (ν char = √ ν 2 + ∆ 2 ; where ∆ is the half width at half maximum) and fractional rms amplitude of the QPO, upper harmonic and the zerocentered BLN in each energy band for Epoch -1 and Epoch -2. Figure 4 shows the evolution of epochs. The characteristics frequency of the zero centered BLN also remains almost flat except for the slight decrease above ∼6 keV. Figure 5 exhibits the rms spectra of the QPO, as well as its upper harmonic and the zero centered BLN component for both the epochs, which demonstrate either flat or slightly decreasing trend with the energy.
Frequency-dependent Lag and Lag-energy Spectra
We used only XMM-Newton data and the GHATS package 2 for the lag analysis. For the study of evaluation of time lag as a function of temporal frequency, we extracted EPIC-pn lightcurves in 1-1.5 keV and 1.5-4 keV bands. Each of these lightcurves was divided into 141 segments each with a length of 983 s. We computed Fourier transform for each segment and calculated average cross-spectrum. Using the averaged cross-spectrum, we calculated the frequency dependent time lag for both the epochs . As in the top panels of Figure 6 , we found a hard lag of 0.40 ± 0.15 and 0.32 ± 0.07 s between the above mentioned energy bands in the 0.07-0.4 Hz frequency range for Epoch -1 and Epoch -2, respectively. It is noteworthy that error bars are dominating below 0.1 Hz, and no time lag has been observed above 0.4 Hz in the time-lag-frequency spectra for both the epochs. The coherence in the 0.2-0.4 Hz frequency range is also found to be closer to unity for both the epochs. To study the variation of the time lag as a function of energy, we generated lightcurves in the 0.3-0.7, 0.7-1, 1-1.5, 4-5, 5-6, 6-7, 7-8 and 8-10 keV bands for both the epochs. We considered the 1.5-4 keV band as the reference band. The energy dependent time lag was estimated between the each narrow energy band and the reference band. Figure 6 
Energy Spectra
The time averaged XMM-Newton/EPIC-pn spectral data in the 0.7-10 keV band and NuSTAR FPMA, FPMB spectral data in the 3-78 keV were fitted simultaneously using ISIS (Version 1.6.2-40). The errors on the best fitted parameters are calculated at 90% confidence level unless otherwise specified. A systematic uncertainty of 1% was added to each XMM-Newton/EPIC-pn and NuS-TAR FPMA/FPMB dataset to account for calibration uncertainty between different instruments (Ingram et al. 2017; Madsen et al. 2017) . In order to use χ 2 minimization to obtain the best fit, we grouped the EPIC-pn data to a minimum signal-to-noise ratio of 5 and a minimum of 10 channels per bin. Similarly, we also grouped the FPMA and FPMB data to the same signal-to-noise ratio used for the EPIC-pn data but with a minimum number of channels of 5. Initially, we fitted the three spectral datasets jointly with a POWERLAW model modified by the Galactic absorption. We used the absorption model TBabs with the abundances given by Wilms, Allen & McCray (2000) and the cross section as in Verner et al. (1996) . We also multiplied the absorbed POWERLAW model with a constant factor to account for any difference in the relative normalizations of the three instruments. We fixed the constant factor to 1 for the FPMA data and varied for the EPIC-pn and FPMB data. We noticed discrepancy between the XMM-Newton and NuSTAR spectral dataset in the 3-10 keV band for both the epochs. Similar discrepancy was found in the 2014 outburst of H 1743-322 and was eliminated with the inclusion of an additional E ∆Γ model by Ingram et al. (2017) . We adopted the same procedure in our analysis. We fixed the value of ∆Γ at zero for both the NuSTAR FPMA and FPMB datasets and varied for the EPIC-pn data. This model provided an unacceptable fit with χ 2 /dof equal to 8109.6/884 and 7699.6/883 for the Epoch -1 and Epoch -2, respectively. Inclusion of the multicoloured disc blackbody model (DISKBB) (Mitsuda et al. 1984) to account for the thermal emission from the accretion disc improved the fit with χ 2 /dof = 6456.8/882
for Epoch -1 and χ 2 /dof = 6079.6/881 for the Epoch -2. However, as shown in Figure 7 , the model CONSTANT*E ∆Γ *TBABS*(DISKBB+POWERLAW) resulted in strong residuals at ∼6-8 keV due to presence of an iron line and reflection hump at ∼15-30 keV. Two additional emission line-like features in the XMM-Newton EPIC-pn spectra near 1.8 and 2.2 keV were also noticed. These lines most likely arise due to the calibration uncertainties near the Si and Au edges, respectively (Hiemstra et al. 2011; Díaz Trigo et al. 2014) . In addition to this, a broad excess around 1 keV is clearly noticeable in Figure 7 , and similar excess in EPIC-pn timing mode has been studied extensively by several authors (Boirin et al. 2005; Martocchia et al. 2006; Sala et al. 2008; Hiemstra et al. 2011; Alam et al. 2015) .
The reason behind the origin of this excess is not yet clear but it is thought to be related with the instrumental calibration (Alam et al. 2015) . In order to further clarify this, we fitted the Swift/XRT spectral data available on the same epochs as considered in this work with the POWERLAW and TBABS, and did not find any excess below 2.5 keV. This confirms the finding of the previous workers mentioned above that the excesses below 2.5 keV in the XMM-Newton/EPIC-pn spectral data arise due to the calibration issues in the timing mode. We therefore excluded the EPIC-pn data below 2.5 keV in our spectral fitting. To fit the observed iron line and the reflection hump, we used the relativistic reflection model RELXILL Dauser et al. 2014 ) that describes the broad iron line and reflected emission from an accretion disc illuminated by a power-law X-ray continuum with high energy cutoff. We replaced both the GAUSSIAN and NTHCOMP components in Model 1 with RELXILL. Thus, the model CONSTANT*E ∆Γ *TBABS*(DISKBB+RELXILL) (hereafter Model 2) resulted in the best fit with χ 2 /dof = 855.8/840 (Epoch -1) and 810.9/839 (Epoch -2). The best-fit model (Model 2) to the XMM-Newton/EPIC-pn and NuSTAR FPMA/FPMB data for both the epochs is shown in Figure 8 , whereas the corresponding best-fit parameters are listed in we fixed the inclination angle at 75 • and the spin parameter at 0.2 as estimated by Steiner et al. (2012) , which was also used by the previous workers for H 1743-322 (e.g. Ingram & Motta 2014; Ingram et al. 2017) . We also fixed emissivity index (q = 3) for the whole disc by tying the break radius with the outermost disc radius at 400 r g (Stiele & Yu 2016; Ingram et al. 2017) . For the absorption component, we kept the hydrogen column density parameter (N H ) free. In addition to this, the photon index (Γ), ionization parameter (ξ), as well as the iron abundance (A F e ) were allowed to vary freely. From the best spectral fitting, the value of the foreground absorption (N H ) is found to be 2.3 +0.4 −0.3 and 2.40 +0.05 −0.04 for the Epoch -1 and Epoch -2, respectively. These values are found to be almost similar to those obtained by the previous workers (see Stiele & Yu 2016; Parmar et al. 2003; Miller et al. 2006; Corbel, Tomsick & Kaaret 2006; Shidatsu et al. 2014 ). The disc is found likely to be truncated with inner radius (r in ) 16.8 +5.9 −13.6 r isco and 10.0 +3.1 −8.4 r isco for Epoch -1 and Epoch -2, respectively. It is to be noted here that the truncation of the inner disc radius is not statistically significant as the uncertainties on the lower limit for the inner disc radius are large enough. However, the inner radii are similar within errors for both the epochs. The photon index (Γ) is ∼1.5 for both the epochs. The high values of the ionization parameter (logξ = 3.20 ± 0.09 and 3.20 +0.04 −0.03 for Epoch -1 and Epoch -2, respectively) suggest that the disc is highly ionized. The reflection fraction (R) is far below from unity (∼0.3 and ∼0.4 for the Epoch -1 and Epoch -2, respectively). Finally, the disc temperature (kT in ) is high with the values of ∼1.1 and ∼1.2 keV for Epoch -1 and Epoch -2, respectively. 
Spectral/Temporal Correlation
To study the connections between the temporal/spectral parameters, we divided each of the XMM-Newton/EPIC-pn and NuSTAR/FPMA, FPMB datasets into seven equal 20 ks long time intervals, giving a total number of fourteen data sets. PDSs from the corresponding background subtracted lightcurves of the XMM-Newton EPIC-pn data were derived, and the variation in the centroid frequency, as well as the fractional rms amplitude of the QPO were obtained for each time interval of 20 ks. Since the significance of the upper harmonic is very low with respect to the QPO (see Section 3.1), and in the short intervals of 20 ks, the signal to noise ratio is poor, we have considered only the QPO for this part of work. In addition to this, we have also excluded the NuSTAR data from time resolved temporal analysis due to the small number of photons in the short interval of 20 ks. For the time resolved temporal and spectral analysis, all the errors are derived at 68% confidence level.
From the time resolved spectral and temporal studies, we derived the photon index and the QPO frequency for each of these time intervals. Figure 9 shows the variation of the photon index (Γ) with
the QPO frequency, which shows the linear correlation between these two parameters.
For each of the time-selected spectral dataset, we also computed the disc fraction and the Comptonized fraction in the 0.7-78 keV using the Model 1 by dividing the total unabsorbed flux to the disc flux and the Comptonized flux, respectively. Figure 10 shows 
DISCUSSION AND CONCLUDING REMARKS
We performed the temporal and spectral analysis of H 1743-322 using the joint observations by the XMM-Newton and NuSTAR in two different epochs during the 2016 outburst. The HID derived from the Swift/XRT observations (see Figure 1 ) indicates that the source was in the hard state during the XMM-Newton and NuSTAR observations, as well as the source undergoes a full spectral state transition during the 2016 outburst. This is in contrast to the 2008 and 2014 outburst, where the source was in the hard state during the entire outburst (Capitanio et al. 2009; Stiele & Yu 2016) .
We have detected QPO along with its upper harmonics at high significance levels in the 0.7-3 keV, 3-10 keV and 10-30 keV bands of XMM-Newton and NuSTAR data in both the epochs. The absence of the upper harmonic in the 10-30 keV band of NuSTAR data in Epoch -1 is due to the poor signal to noise ratio of the data. The shape of the PDSs, as well as the fractional rms amplitude of the QPO, derived in all the above mentioned energy bands (see Table 2 and 3), suggest that the QPO is of type C (Casella et al. 2004; Motta et al. 2011) . The NuSTAR observations provided the opportunity to investigate the nature of the variability of H 1743-322 in the the hard band (10-30 keV). The similar shape of the PDSs in different energy bands clearly indicates energy independent nature of the PDSs.
We noticed that the centroid frequencies of the QPO and its upper harmonic in Epoch -2 are shifted towards higher frequency side with respect to Epoch -1 for each energy band. These shifts may indicate a certain geometrical change in the system between the two epochs. In the 2010 and 2011 outbursts, Altamirano & Strohmayer (2012) reported the presence of QPO along with upper harmonic at the frequency ratio of 1:2 and a shift less than ∼2.2 mHz in the QPO frequency of H 1743-322 between the two successive RXTE observations. In the failed outburst of 2014, Stiele & Yu (2016) also detected QPO and upper harmonic at the same ratio of 1:2 using a single XMM-Newton observation.
On the other hand, the unchanged shape of the PDS with energy (see Figure 2 and 3) and the absence of strong energy dependence of the characteristics frequency of the QPO, as well as its upper harmonic and the zero centered BLN component (see Figure 4 ) are consistent with the LHS of the system observed during the rising phase of the outburst (Stiele & Yu 2015 , 2016 . As in Figure 5 , the LHS of the system is also supported by either flat or slightly decreasing trend of the rms amplitude of the zero centered BLN with increasing energy in both the epochs (Stiele & Yu 2015 , 2016 . Similar rms spectra below 10 keV were also found in few other BHXRBs such as XTE J1650-500 and XTE J1550-564 in the LHS (Gierliński & Zdziarski 2005) .
As mentioned in Section 3.3, the centroid energy, width and EW of the iron line, found during the 2016 outburst, do not change between the two epochs, and are consistent with those found by Stiele & Yu (2016) based on the XMM-Newton observation of the 2014 outburst. The X-ray powerlaw shape in both the epochs is similar (Γ ∼ 1.5) and is generally found in the LHS. Furthermore, the inner disc radius (r in ) estimated during the 2016 outburst is found likely to be truncated away from the ISCO for both the epochs, although this is not statistically significant due to the large values of uncertainties on the lower limit (see Table 4 ). These results are consistent with those found by Ingram et al. (2017) during the 2014 failed outburst of H 1743-322. However, the accretion disc temperature pertains to be high for both epochs. We note that high inner disc temperature with a low value of Γ representing hard state of H 1743-322 is also reported by the previous workers (see McClintock et al. 2009; Chen et al. 2010; Motta et al. 2011; Cheng et al. 2019) . The high disc temperature may be due to irradiation of the disc by hard X-rays from the corona. The illuminating X-rays likely get absorbed by the disc and the disc gets thermalized, which may result in the increase of the disc temperature (Gierliński, Done & Page 2009 ). The high values of ionization parameter (logξ ≈ 3.2) obtained in both the epochs indicate high irradiation of the accretion disc by hard X-ray photons from the coronal region. As mentioned in Table 4 , the energy spectra shows a high energy cutoff value at ∼92 keV for both the epochs, which also indicates the characteristic of the LHS (Motta, Belloni & Homan 2009; Alam et al. 2014) . Moreover, the ratio between the disc illuminating coronal intensity to the intensity that approaches towards the observer is termed as the reflection fraction (R), which is found to be far below from the unity for both the epochs. Low values of the Reflection fraction may also indicate a truncated inner disc radius (García et al. 2015; Fürst et al. 2015) , although the truncation of the inner disc radius estimated here is not statistically significant.
This can also be justified by the findings of Ingram et al. (2017) who also reported the reflection fraction to be less than unity along with a truncated disc for the same source in 2014 outburst. The during the 2016 outburst from the 2008 and 2014 ones, we derived the Eddington-scaled luminosity (L 3−10keV /L Edd ) in the 3-10 keV band for the 2016 outburst, considering the mass and distance to the source to be the same as that used in De . The values of L 3−10keV /L Edd are found to be 0.006 ± 0.002 and 0.005 ± 0.002 for Epoch -1 and Epoch -2, respectively. These values are nearly similar to the reported value of L 3−10keV /L Edd ∼ 0.004 by De in the same energy band for the 2008 and 2014 outbursts. The similar values of the Eddington-scaled luminosity indicate that there may be other possible reasons for the change in the lag properties rather than the luminosity.
The correlation found between the QPO frequency and the photon index (Γ) (see Figure 9 ) is very common in BHXRBs and an ample amount of study has been performed by Vignarca et al. (2003) ; Titarchuk & Fiorito (2004) ; Titarchuk & Shaposhnikov (2005) (2011, 2013) . Furthermore, Stiele et al. (2013) stated that the Γ-QPO frequency correlation can be explained through the 'sombero' geometry, where the black hole is surrounded by the quasi-spherical corona and the accretion disc enters the corona by a little amount. Such type of Γ-QPO frequency correlation indicates that the QPO properties are strongly related to the geometry of the coronal region.
Although the weak anti-correlation between the centroid frequency and fractional rms amplitude of QPO in Figure 10 is not statistically significant, it might still give some indication of the type C nature of the QPO (McClintock et al. 2009 ) in addition to the obtained shape of the PDS (see Figure 2 ) and the fractional rms value of the QPO (see Table 2 ). However, there may be possibility of achieving better significance of this anti-correlation by considering the larger dataset with higher signal to noise ratio. The disc fraction is always less than 3% and shows a weak correlation with the QPO frequency, as well as weak anti-correlation with the QPO fractional rms amplitude. In this regard, it is worth mentioning here that based on the study of the BHXRBs XTE J1550-564 and GRO J1655-40, Sobczak et al. (2000) suggested that the strong correlation between the disc flux and the QPO frequency could imply the regulation of the QPO frequency by the accretion disc. Apart from this, it was also pointed out that not only the accretion disc regulates the QPO frequency but also the QPO phenomenon is closely related to the power-law component, which acts like a trigger only when the threshold value is ∼ 20% of the total flux. For H 1743-322, we have found that the Comptonized fraction is weakly anti-correlated with the QPO frequency, as well as weakly correlated with the QPO fractional rms amplitude and is always greater than 97% (see Figure 10 ) that indicates the maximum amount of the total flux is coming from the Comptonized component. The weak anticorrelation between the QPO frequency and the power-law flux was also found for type C QPOs in the BHXRB GX 339-4 by Motta et al. (2011) . Moreover, the high value of the Comptonized fraction, as well as the weak value of the thermal disc component clearly support the LHS behavior of the H 1743-322 during the 2016 outburst period and is in accordance with the above mentioned temporal and spectral parameters.
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